Stage duration is a key parameter in modeling population dynamics of stage-structured populations, however stage duration can be difficult to estimate accurately because calculations are based on survivors and fail to account for mortality. Here we show a method by which development time and stage duration can be adjusted after accounting for within-stage mortality. As an example, we use a previously published data set on stage-specific abundances of the euphausiid, Euphausia pacifica from four laboratory-incubated cohorts, raised from egg to juvenile stage. We used a stage-structured population model along with an inverse algorithm to estimate stage durations, both with and without considering mortality rates. Results suggest that the overall stage duration from egg to furcilia was 48 days when mortality was considered, and 60 days when mortality was not included. Stage-specific mortality rates were generally lower than 10% per day for those stages with relatively high mortality rates (egg and naupliar stages and furcilia VI -VII) and ,4% for other developmental stages. However, the difference between the estimates with and without considering mortality rates did not show a clear relationship with stage-specific mortality rates. More robust models that can incorporate the variability in developmental pathways and physiological changes that occur during the molting process may be necessary to further investigate how age distribution within stage and mortality influence the estimation of stage duration.
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I N T RO D U C T I O N
Developmental rates for stage-structured populations, such as copepods, are often estimated by natural cohort, artificial cohort and/or molting experiments (Peterson and Painting, 1990; Kimmerer et al., 2007) . Developmental rates for euphausiids can be estimated in similar ways. Natural cohort analysis and molting experiments, in which animals are often incubated individually, have been widely used to estimate euphausiid growth rates for juveniles or adults Ross et al., 2004; Shaw et al., 2009) . A few experiments have incubated animals from a clutch of eggs and data on stage composition are recorded during the course of the incubation and then used to estimate stage-specific development rates (Ross, 1981; Feinberg et al., 2006) . Molt experiments typically estimate growth rate by measuring length increment and intermolt period for each individual (Tarling et al., 2006) , whereas cohortbased incubation experiments measure the median development time for each developmental stage at a population level. However, tracking the development of a single cohort is problematic because cohorts may broaden during the course of the experiment through variability in individual growth rate (McKinnon and Duggan, 2003; Kimmerer et al., 2007) .
A typical way to estimate median development time using data from cohort-based experiments is to construct a curve of cumulative percentage versus time for each stage and then use linear regression (Landry, 1983; Peterson 1986; Peterson and Painting, 1990; Feinberg et al., 2006) or logistic regression (Bi and Benfield, 2006) to determine the time needed for 50% of individuals to pass through a given stage. More recently, a Bayesian approach has been applied to estimate stage duration of copepods (Kimmerer and Gould, 2010) . However, there are two problems that could potentially bias any of these estimates. First, not all individuals enter the same stage simultaneously. Consequently, cohorts may broaden significantly during the course of an experiment which makes it difficult to fit any regression lines. For example, in Fig. 1 (from Feinberg et al., 2006) , the cumulative percentage of individuals passing through each developmental stage on a given day is clearly more variable in the later developmental stages, e.g. the later furcilia stages when compared with first calyptopis. Second, the estimate is based on information from survivors, which could lead to biased estimates (Hairston and Twombly, 1985) because animals dying during an experiment are not accounted for. What is needed is a model which accurately estimates stage-specific development times and which accounts for mortality during the experiment.
In the present study, we attempted to estimate median stage-specific development times and mortality rates simultaneously using an inverse technique. We then compared our estimates with previous results using linear regression (Feinberg et al., 2006) . The objectives are to: (i) investigate the potential bias for estimated median development times resulting from techniques that rely on information from survival; and (ii) examine how the estimated errors propagate through the course of development.
M E T H O D
The experimental data on Euphausia pacifica have been published elsewhere, see details in Feinberg et al. (Feinberg et al., 2006) . We used four cohorts of animals (each cohort represents a batch of eggs spawned from a single female). Once each day, the stage composition of the cohorts was recorded by enumerating all individuals by developmental stage. The modeling of median development times and mortality used an inverse technique which had three different components: (i) a forward model that describes the relationships between stagespecific abundances, mortality and development rates; (ii) an objective function to minimize the difference between the predicted stage abundance and observed abundance; and (iii) an algorithm that optimizes the forward model and satisfies the objective function. Each is described below. 
Forward model
To investigate how mortality influences the estimation of median development times, we first estimated stagespecific median development times by setting mortality rates to 0, and then attempted to resolve mortality rates and development times simultaneously. We also compared results from this study with the estimates from Feinberg et al. (Feinberg et al., 2006) .
For the forward model, we used a simple stagestructured population model to describe relationships between stage-specific development and mortality rates and stage-specific abundances. The model can be simply written asÃ tþ1 ¼ T ÂÃ t , whereÃ t is stagespecific abundance at time t and T is an n Â n matrix, which contains information on stage-specific mortality rates and median development times, and n is the number of developmental stages [equation (1)]. 
where G j,j21 is the probability of an individual at the stage j surviving and entering the next stage j þ 1 in the next time step, P j,j is the probability of an individual surviving the stage j and staying at the stage j for the next time step. The finite mortality rate (M j ), i.e. percentage of animals dying in 24 h, is related to the matrix model by
, where Dt is sampling interval. To demonstrate how mortality rate interplays with development rate, we use nauplius I as an example. The abundance of nauplius I at time t þ 1 can be easily written in linear form:
where N e,t is the abundance of eggs at time t, M e,t is the finite mortality rate for eggs at time t, g e;t is the developmental rate for eggs at time t, and M 1,t and g 1,t are the finite mortality rate and developmental rate for nauplius I respectively.
In the present study, both finite mortality rates and development rates were non-negative values. The upper limits for finite mortality rates were determined from survivorship curves, i.e. the total survivors over time, measured during the experiments by Feinberg et al. (Feinberg et al., 2006) . For example, the survival rate for the ith stage was calculated using the total number of survivors at the initial occurrence of the ith stage divided by the total number of survivors at the last occurrence of the ith stage, and the maximum mortality rate for stage i was calculated as 1 -survival rate. The upper limit for development time for the ith stage was calculated as the time interval between the initial and last occurrence of the ith stage.
Objective function
The objective function minimizes the difference between the fitted abundances from the forward model and the observed stage-specific abundances. Specifically, we calculated the sum of the squared difference as a measurement of the difference between the fitted values and the observed data [equation (2)].
where Sf i,t is the fitted abundance for stage i at time t from the forward model, So i,t is the observed abundance for stage i at time t,M is a vector of mortality rates andD is a vector of development rates.
Search for best fit mortality and development rates
To satisfy the objective function, the interior-point approach (Roos et al., 2006) was used to estimate finite mortality and development rates. If we write mortality and development rates as a vector:x, equation (2) was approximated by:
where m is a positive parameter and b is a vector of variables that formulate constraints forx. By minimizing f m ðx; bÞ, i.e. equation (2) with increment m, we attempted to achieve two goals simultaneously: finding a feasiblex for which f ðx; bÞ was small and P ln b i was large. For details, see Roos et al. (Roos et al., 2006) . We implemented this approach in Matlab using fmincon procedure (Mathworks, 2009 ).
Finite mortality rates (i.e. proportion dying in 24 h) were estimated by the inverse method and were converted to instantaneous mortality rates [equation (4)] to facilitate comparison with mortality rates reported from other studies, as:
where M j is the finite mortality rate for stage j, and m j is the instantaneous rate.
Iterative procedure
There were 14 developmental stages for each cohort including egg, two naupliar stages, a metanaupliar stage, three calyptopis stages, seven furcilia stages, and a juvenile stage. For each stage, we attempted to resolve mortality and development rates simultaneously. As a result, there were 26 total parameters to estimate, excluding the juvenile stage, which made it difficult to determine the existence and the uniqueness of the solution. Meanwhile, the interdependency between mortality and development complicated our efforts to search for a set of mortality rates and development rates to satisfy the objective function globally, i.e. within the entire possible region for mortality and development.
To reduce the number of parameters that needed to be estimated, we started with a simple matrix model which only had egg and a 'mega-stage' including nauplius I through juvenile. We then used this model along with the objective function and search algorithm to estimate mortality rate and hatching for eggs. In this iteration, a segment of the observed data, starting from the initial presence of the egg to the time when the last egg entered nauplius I, was used to estimate mortality and hatching time for the egg. Once we estimated mortality and development for eggs, we built another matrix model which included egg, nauplius I and a 'megastage' including nauplius II through juvenile. We applied the estimates for eggs from the first iteration to the matrix model. In the second iteration, a segment of observed data, starting from the initial presence of nauplius I to the last individual entering nauplius II, was used to estimate mortality and development rates for nauplius I. The same procedure was repeated for other developmental stages.
To avoid having the search algorithm return values that only satisfied the objective function locally rather than globally, we initiated the search algorithm with 100 different sets of multi-starting points. We also further constrained the upper boundary for mortality rate. For example, when we estimated mortality and development for eggs, we estimated the maximum mortality rates using the total number of survivors at the last occurrence of nauplius I divided by the total number of survivors at the initial occurrence of eggs. As a result, each iteration yielded 100 sets of estimates of mortality and development. In most stages, the estimates were consistent regardless of the initial values. For stages where inconsistent estimates occurred, we calculated mean values as proxies for mortality rate and development time for that stage. Because many individuals (up to 65%) skipped the furcilia V stage during the original experiments, Feinberg et al. (Feinberg et al., 2006) combined furcilia IV and V as one single stage. We did the same here. Some individuals also skipped the furcilia VII stage and as a result the inverse method did not yield reasonable estimates of development or mortality, thus we fixed stage duration for furcilia VII at 3 days based on estimates from Feinberg et al. (Feinberg et al., 2006) .
Test of goodness of fit
To examine whether we obtained reasonable estimates for stage-specific mortality rates and stage durations, we used the forward model (i.e. the stage-structured model) to simulate four cohorts. The model included 13 developmental stages, from eggs-furcilia VII. Population simulations were based on estimated mortality rates and stage durations along with the total number of eggs. To be consistent with the inverse iterative procedure where a subset of the observed data were used to yield estimates for each stage, the matrix model was initialized using the observed data when a new developmental stage occurred. For example, the matrix model was first initialized with the observed data when eggs first occurred, then the population was simulated until the presence of nauplius I. The same procedure was repeated until the last furcilia VII entered the juvenile stage. We then compared the simulated abundances to the original observed data.
R E S U LT S Cohort development
The number of individuals in a given stage over time, i.e. cohort, was typically unimodal for most stages except furcilia IV-V and VI for cohort 3 (Fig. 2) . Cohorts exhibited a bell-shaped distribution from nauplius I to the metanaupliar stage and a skewed bellshaped distribution from calyptopis I to furcilia VII. Cohorts tended to have flatter and more skewed distributions at later stages. The variation among four cohorts was more obvious at later furcilia stages than earlier naupliar stages (Fig. 2) .
Stage duration without considering mortality
Estimated stage durations calculated by our model and without considering mortality rates were generally consistent among four cohorts (Fig. 3) . In both the model and in the experimental data, egg and naupliar stages had relatively short development times; stage durations gradually increased towards later stages. Furcilia III had the longest duration, 10 days (Table I ). The estimates calculated by our model without considering mortality showed less than 40% deviation from the previous estimates with a few exceptions, calyptopis I for cohort 3, furcilia III for cohort 4 and furcilia VI for cohorts 2, 3 and 4. However, the total development time from egg to furcilia VII was generally 60 days for cohorts 1, 2 and 3, which was almost identical to the finding of 59 days in the previous study. Cohort 4 was an exception in that the estimated time from egg to furcilia VII was up to 80 days. The model estimates of stage durations without considering mortality tended to be lower than the experimental data for nauplius II, metanauplius and calyptopis I and higher for calyptopis II through furcilia VI. The difference was likely caused by the time when observations were made each day during the experiment: for example, because the development times for nauplius II, metanauplius and calyptopis I were relatively short, most of the observations occurred after more than 50% of the individuals passed the corresponding stage, suggesting that twice-daily observations would have been more accurate. In comparison, for later stages, calyptopis II through furcilia VI, far more observations occurred before and after that point in time when 50% of the individuals had passed the corresponding stage (Fig. 1) .
Stage-specific mortality rates
The mean daily stage-specific finite mortality rates for all cohorts did not show substantial differences among different stages, and ranged from 2 to 9% day 21 (Table II) , similar to the instantaneous mortality rates which ranged from 0.01 to 0.04 day
21
. When each experiment was compared, stage-specific mortality rates were generally below 4% day 21 except for the egg in cohort 4, nauplius I in cohorts 1-3, furcilia VI in cohorts 1 and 3 and furcilia VII in cohorts 1, 3, and 4 (Fig. 4) . Stage-specific finite mortality rates showed similar patterns among the first three cohorts: high mortality rate in nauplius I, followed by relatively high mortality rates for metanauplius and calyptopis, low mortality rates for furcilia I-V, high mortality rates for the last two furcilia stages. Cohort 4 experienced high mortality during the egg stage, 36% day 21 rather than at nauplius I.
Stage duration considering mortality
When mortality was considered in the model, the estimated stage durations were consistent among the four different cohorts (Fig. 5) and the patterns were similar to Finite mortality rates were converted to instantaneous mortality rates using equation (4). Fig. 4 . Euphausia pacifica. Estimated finite stage-specific mortality rates (% in 24 h) for cohort 1 (top panel) to 4 (lower panel) using the inverse technique. Fig. 5 . Euphausia pacifica. Estimated stage durations with mortality rates considered for cohorts 1 to 4 using the inverse techinque.
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estimates that did not consider mortality rates: relatively short development times for egg through metanauplius, gradually increasing towards later stages. There was a peak at furcilia III then a gradual decrease towards furcilia VII (Table I) . Most individuals passed through the naupliar stages in 3.5-5 days, and most individuals entered furcilia stages in 16-22 days, but with shorter development times, 16 and 17 days, respectively, for cohorts 1 and 3, and longer development times, 20 and 22 days, for cohorts 2 and 4, respectively. The total development time from egg to furcilia was similar for cohorts 1-3, 49 days, but 28% longer, 63 days, for cohort 4. When mortality was taken into account in the model, the estimated stage durations were generally shorter than the estimates that did not consider mortality except for egg and furcilia VII (Table I) . Cohorts 1 -3 showed similar patterns: the estimated stage durations with mortality were 0 -10% shorter than estimates without mortality for egg and naupliar stages and 16 -20% shorter (?) for metanaupliar, calyptopis and furcilia stages. The estimated stage durations for cohort 4 were much shorter, e.g. nauplius I: 31%, calyptopis I: 32%, calyptopis II: 43%, calyptopis III: 25%, furcilia I: 31% furcilia III: 44%, furcilia IV-V: 42%, furcilia VII: 38%, and the rest of the stages ,10% shorter than the estimates without mortality. The total development times with mortality from egg to furcilia for cohorts 1 -3 were about 16%, or 10 days, shorter than the estimated total development time without mortality. The total development time for cohort 4 showed larger deviation, 20%, or 17 days, shorter than the estimate without mortality. There was no clear relationship between the deviation and stage-specific mortality rate.
Test of goodness of fit
When populations were simulated using estimated mortality rates and development times, the total simulated abundances declined over time, which was consistent with the observed abundances for all four cohorts (Fig. 6) . The overall survival rates, from egg to furcilia over the course of 50 days, for simulated populations was 10 and 20% for cohorts 1 and 3, respectively, which was lower than the observed data. The overall survival rate from egg to furcilia was 35% for cohort 2, higher than the observed data, and 7% for cohort 4, similar to the observed data. The simulated data were generally consistent with the observed data (cohort 1: R 2 ¼ 0.97; cohort 2: R 2 ¼ 0.91; cohort 3: R 2 ¼ 0.98; cohort 4 R 2 ¼ 0.88).
D I S C U S S I O N
Calculating stage-specific development rate for crustaceans is a long-standing problem and many experimental, statistical, and mathematical modeling approaches have been applied to different copepod species. To utilize an experimental approach, one can either incubate individual animals (which allows one to record stage duration time on an individual basis, as in Twombly and Burns, 1996; Souissi and Ban, 2001) , or one can incubate many animals together and record stage composition of all individuals in the "population" at regular time intervals (e.g. Landry, 1983) . Similar techniques can be utilized for field studies with some revisions, e.g. individuals of the same stage can be either incubated separately or as a cohort to estimate stage development times (Peterson and Painting, 1990; Peterson et al., 1991) . Statistical approaches included simple life table (e.g. Gehrs and Robertson, 1975) , maximum likelihood (Klein-Breteler et al., 1994) and Bayesian approaches (Kimmerer and Gould, 2010) . Mathematical approaches typically allow for different age distributions within stage (e.g. Carlotti and Nival, 1992; Miller and Tande, 1993) . Even though all techniques utilize information based on survivors, others have pointed out problems associated with this practice. Miller et al. (Miller et al., 1984) showed that mortality rates were not independent from stage duration. Hirst et al. (Hirst et al., 2005) investigated how mortality tends to reduce the number of older animals within a stage. Hu et al. (Hu et al., 2008) estimated stage duration for a simulated copepod population using both symmetric distributions (normal) and asymmetric distributions (lognormal and Gamma) and results suggested no substantial difference in estimated median stage duration. In the present study, we estimated stage duration for Euphausia pacifica both with and without considering mortality rates. When stage durations were estimated without considering mortality rates, the estimated duration from egg to furcilia VII was 59 days, consistent with our previous estimation where a regression line was fitted using arcsine transformed cumulative frequency data (Feinberg et al., 2006) . However, when mortality rates were considered, the estimated duration from egg to furcilia VII was 20% shorter than the estimate that did not consider mortality rates.
The present study underscores the complexity of estimating development rates. The difference in estimated stage durations with/without considering mortality did not show a clear relationship with stage-specific mortality rates, consistent with the results of Miller et al. (Miller et al., 1984) where mortality rates did not show a clear relationship with stage durations on many occasions. The lack of any obvious relationship is likely to be a result of multiple factors: (i) observational errors (up to 10% in some occasions); (ii) variability in individual growth; and (iii) the propagation of errors, e.g. observational errors in early stages may influence estimation for later stages. More laboratory and modeling experiments are needed to address this problem. The lack of an obvious relationship makes it difficult to recommend use of any specific statistical models that take mortality rates into account. Other difficulties in estimating stage durations arise from several different aspects (discussed below) including individuals following different developmental pathways, individual growth variability, the recruitment term in the model, and mathematical challenges associated with the inverse techniques. Concerning the "developmental pathways" problem, one of the most striking features of euphausiids is that individuals can follow different developmental pathways. In the previous study, Feinberg et al. (Feinberg et al., 2006) suggested that a large proportion of individuals, up to 75%, skipped one of the late furcilia stages. Such variations in developmental pathways are likely to be a major problem for both statistical and mathematical models. In the present study, we used a stage-structured model which assumed that individuals would pass through each developmental stage sequentially. Within the stage-structured model, changes in stage-specific abundances were all attributed to either development or mortality, but the model was not capable of incorporating the variability caused by different developmental pathways. The variation in developmental pathways was likely the major cause for the overestimation of mortality rates for later furcilia stages, as suggested by the simulation experiment where the simulated abundance was lower than the observed data.
The recruitment term is another potential source of errors. In the stage-structured model, recruitment was calculated as a fixed proportion of individuals entering the next consecutive stage, i.e. sample interval divided by stage duration. This could be true if age distribution within a given stage followed a uniform distribution when stage duration was much longer than sampling interval and all individuals molted as soon as they reached the end of each stage. However, age distribution within the given stage often did not follow a uniform distribution. For example, cohorts typically exhibited a truncated bell shape, especially in the later stages, suggesting that development might not be a continuous process for a given cohort. In other crustaceans, studies have showed that the molting process involves premolt, intermolt and postmolt periods (Smith and Chang, 2007) . Thus, molting is likely a discrete process and individuals may not molt until they reach intermolt stage. Consequently, age distribution within stage may not be the only factor that influences the shape of the recruitment curve (e.g. uniform, normal and lognormal), thus physiological changes may also have a great impact on recruitment.
Individual variability is always a problem in estimating stage durations as suggested by many studies (Hopcroft and Roff, 1998; Hirst et al., 2005; Kimmerer et al., 2007) . Individual variability likely influences the estimation of stage duration in two different ways: large variability in age distribution within stage and obscured stage-based cohorts, i.e. lack of a dominant developmental stage. The large variability in age distribution within a given stage is obvious, particularly in late furcilia stages III-VII (Fig. 2) where a given developmental stage could span up to 20 days. The large variability within a stage leads to a wide spread in the distribution of ages within a stage; i.e. multiple stages occur in a given sample and with no high peaks in stage-specific abundance. For example, the cumulative percentages for later stages are likely spread over a wide range and cause large estimated errors (Fig. 1) .
The inverse method presented here is essentially a model independent approach, i.e. the forward model could be a stage-structured model or an individualbased life-history model. Depending on the capability of the model, the inverse algorithm generates the estimates that fit the model best. However, as we have demonstrated with the simple stage-structured population model, mortality rate and stage duration for any given stage are not independent from each other as described by the stage-structured population model. The interdependence, along with the observational errors and variability caused by different developmental pathways, makes it very difficult to estimate mortality and stage duration simultaneously (in euphausiids) because of the uniqueness of the solution. The uniqueness of the solution imposes challenges in two different aspects. First, there are likely multiple solutions (different combinations of mortality and stage duration) that satisfy the objective function, which is often specified as minimizing the difference between simulated abundance and observed abundance. Second, the solution has to satisfy the objective function globally rather than locally. Neither of these problems can be easily addressed mathematically. The practical ways to improve the performance are: (i) reducing the number of variables to be estimated; (ii) defining the potential range for each individual variable; (iii) starting the procedure with different starting points to identify the global minimum; (iv) validating the results from other techniques; and (v) using the model with a marine calanoid copepod species since developmental stages are not skipped.
In the present study, we used an iterative procedure to estimate mortality and development for a single stage for each iteration. We also used all the available information to narrow the potential range for each variable. For example, the minimum value for mortality is 0 and the maximum value can be estimated from a survivorship curve as demonstrated in the present study. The survivorship can provide mortality information at any two different sampling points, and serves as a reasonable upper limit for the mortality of the dominant stage during that period. In the present study we used multiple starting points, i.e. initial values for mortality and stage duration, to identify the correct solution yet we still had trouble identifying a unique solution for some stages, specifically furcilia stages II -VII, where we had multiple solutions that satisfy the objective function in the same way. This is likely to be caused by the presence of different developmental pathways. We could compare different solutions and manually pick the most reasonable solution, but the procedure is rather arbitrary. Meanwhile, the differences among the solutions were typically ,5% (maximum estimate 2 minimum value) except furcilia III (12%). As a result, we chose to calculate a mean value from different solutions and used the mean value as our estimate. Our results are consistent with estimates from regression methods (Feinberg et al., 2006) . Consequently, the problem of multiple solutions is unlikely to be a major issue in the present study.
Finally, the results from the present study should be broadly applicable to field data where mortality rates might be even higher, particularly at the egg and early naupliar stages (e.g. Peterson and Kimmerer, 1994; Eiane and Ohman, 2004) . The inverse technique we have implemented relies on a stage-structured model, an objective function and an inverse searching algorithm. Mathematically, the inverse searching algorithm is complicated but readily available in many software packages, e.g. Matlab, R, and AD model builder.
C O N C L U S I O N S
We used Euphausia pacifica as an example to demonstrate that stage-specific development time can be overestimated if mortality is not properly considered. Although the data that we used here were from laboratory incubations, the results should be applicable to field studies. Moreover, such work should be pursued because mortality in the field is likely to be far higher than in laboratory studies. Because mortality can change both stage distribution and age distribution within a stage, relying on information from survivors alone probably produced biased estimates for stage duration without considering mortality rates. When the estimates with mortality were compared to the results without mortality, the estimates with mortality tended to be higher in the egg, calyptopis and late furcilia stages and lower in other developmental stages than the estimates without considering mortality. The difference between estimates with mortality and without mortality did not show a clear pattern in relation to mortality rates. To further investigate the problem, we recommend use of (i) a more robust life history model that can incorporate the variability in developmental pathways; (ii) information on the molting process, e.g. both physiological and morphological changes need to be considered; (iii) knowledge of how individual variability propagates over time; and (iv) detailed information on when mortality occurs and the potential impacts on the age distribution within stage.
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